Zinc Accumulation behavior Phase evolution Kirkendall void a b s t r a c t The strong effects of Zn addition on the reaction in Sn/Cu systems are widely known. Nevertheless, the micro-mechanism for Zn accumulation behavior, phase evolution and void formation in Sn-xZn/Cu systems remain unclear. In this work, the effect of Zn addition on the interface behavior is investigated. Structures of Sn-xZn/Cu are prepared by the reaction between Sn-xZn solders (x = 0, 0.2, 0.5 and 0.8 wt.%) and the electroplated Cu (EP Cu) joints. During the thermal aging of Sn/EP Cu joints, many voids formed inside the Cu 3 Sn phase, especially close to the Cu 3 Sn/EP Cu interface. Whereas the voids were greatly suppressed with Zn addition. During the thermal aging, Zn gradually accumulated near the interface of IMCs/EP Cu. As thermal aging time to168 h and Zn content to 0.8 wt.%, Zn participated in the interface reaction, three layers with different contrasts, (Cu, Zn) 6 Sn 5 , Cu 6 (Sn, Zn) 5 and (Cu,Sn) 3 Zn were formed. Theoretical analysis shows that Zn atom accumulated near the interface of IMCs/EP Cu due to lower diffusion energy barriers (E df ) of Zn than Cu atom. The preferential occupation of Zn atoms in Cu 6 (Zn,Sn) 5 and (Cu,Zn) 6 Sn 5 are Sn3 (4e) and Cu3 (4a) site because of the lowest lattice strain. The diffusion path interstice size for Cu atom via the IMCs layer gradually shrink with the increment of charge transfer in Zn-rich layers, corresponding the E df of Cu atom gradually rise. As a result, the fluxes of Cu and Sn via the IMCs layer were balanced out, which reduced the Kirkendall voids formation. BY-NC-ND license (http:// creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
With the trends of microelectronic products from 2dimensional integration of circuits (2D IC) to 3-dimensional integration of circuits (3D IC), the size of solder joints for interconnections becomes smaller and smaller. The interfacial microstructure plays a more and more important role in the reliability of joints [1] . During the thermal aging of Snbased solders/Cu joints, the Cu-Sn intermetallic compounds (IMCs) are usually formed at the interface [2, 3] . The large IMCs layer can degrade the reliability of solder joints because of the inherent brittleness of IMCs [4] [5] [6] . Meanwhile, a large number of Kirkendall voids (KVs) are often observed at Cu 3 Sn/Cu interface, which has detrimental effects on the reliability of joints [7, 8] . Therefore, interfacial behaviors of IMCs growth, phase evolution and void formation in Sn/Cu systems have attracted lots of attentions [1] [2] [3] [4] [5] [6] [7] [8] .
In Sn-Cu system, when the molten Sn-based solder alloy wets the Cu, Cu 6 Sn 5 and Cu 3 Sn IMCs form at the solder/Cu interface. KVs are frequently observed near the Cu 3 Sn/Cu interface and/or in Cu 3 Sn [9, 10] . Essentially, the mechanism of KVs formation in the Cu/Sn interface is basically caused by unbalanced diffusion fluxes (Cu flux > Sn flux), that is to say, the Kirkendall effect [11] . Since KVs are formed due to unbalanced diffusion fluxes, tiny amounts of additive elements will affect KVs formation and the growth of IMCs. It was reported that adding minor alloying elements into the solder could suppress the formation of voids and retard the growth of Cu 3 Sn layer [3, 8, 12, 13] . Among the numerous Sn-based alloys proposed to replace the traditional Sn-Pb solder, Zn is one of the most promising alloy elements [3, 4, 14] . Microalloying with Zn is found to effectively reduce the growth of Cu 3 Sn layer and inhibit the formation of KVs [15, 16] . Tw o assumptions emphasizing that Zn level controls the Kirkendall voiding level were proposed. Fukumoto et al. reported that the Zn segregation not only inhibited diffusion of Cu due to the effect of solute drag, which delayed growth of the Cu 3 Sn layer, but also balanced out the fluxes of Cu and Sn, which reduced the KVs formation [7] . Kotadia et al. confirmed that Zn atoms can dissolve into the IMCs layers and substitute part of component atoms in the IMCs crystals [15, 17, 18] . The partial substitution of Zn could increase the lattice strain in the IMCs layers, reducing the diffusion rate of vacancy and accordingly suppressing the formation of voids [11, 19] . However, the exact micro-mechanism of how Zn addition affects the fluxes of Cu and Sn atom diffusion in solder/Cu interface is still not clear. Especially, how the partial substitution of Zn could increase the lattice strain in the IMC layers, has not been reported. Moreover, When Zn was added into the solder, Zn was found to accumulate near the interface of Cu 3 Sn /Cu after the aging test [7] . The reason needs more detailed explanations.
Thus, in order to better understand the role of Zn in the interface behaviors in Sn-based solders/Cu joints. A systematical and comparative study was performed to characterize the Zn accumulation behavior, phase evolution and void formation between Sn-xZn solders (x = 0, 0.2, 0.5 and 0.8 wt.%) and the electroplated Cu (EP Cu) joints. Meanwhile, the IMCs layer models considering Zn distribution were built. The formation enthalpy ( H f ), cohesive energy ( E C ) and lattice volume (V) varying with the substitutional site of Zn atom in Cu 6 Sn 5 -based structure, the minimum-energy path (MEP) and diffusion activation energy of Cu and Zn fluxes were calculated. Also, relative electronic structures (electron density difference, charge transfer and lattice strain, and so on) of the IMCs layer models were analyzed using density functional theory. Based on the experimental and theoretical results, the effects of Zn addition on interfacial behaviors in Sn/Cu systems were revealed. The study is organized as follows: in section 2, we present the experimental and theoretical methods. In section 3, we provide the experimental results, the underlying mechanism that Zn accumulation behavior, phase evolution and void formation in Sn-based solders/Cu joints.
2.
Experimental and theoretical methods
Experimental procedures
The solders used in this work were Sn-xZn (x = 0, 0.2, 0.5 and 0.8 wt.%), which were fabricated from pure Sn (99.99%) and Zn (99.99%). The substrate was high purity Cu foil with a layer of Cu film (10 m in thickness) electroplated on the surface. The electroplating solution contained CuSO 4 , H 2 SO 4 , HCl and PEG (polyethylene glycol). The current density used during the electroplating process was 1.7 mA/cm 2 [20] . The solder joints were prepared by melting Sn on the foils at 260 • for 1 min. To investigate the interfacial microstructure in the solder joints, the isothermal aging for the as-reflowed samples was performed at 180 • with different aging time. Then these samples were mounted in epoxy and metallurgically polished. The cross-sectional microstructure at the interface was observed by SEM (Sirion200). The compositions of IMC layers were determined by energy dispersive spectroscopy (EDS). The average thickness of IMCs layer was measured with the software Image J. The average thickness of the IMC layer was calculated by dividing the IMC layer area by the length of the interface.
Calculation details
The calculations were carried out by using the CASTEP plane-wave code [21] in the scheme of generalized gradient approximation (GGA-PBE) [22] . The Vanderbilt ultrasoft pseudopotentials [23] were employed to treat the valence electrons for Cu (3d 10 4s 1 ), Sn (5s 2 5p 2 ) and Zn (3d 10 4s 2 ). Brillouin-zone integrations were performed using Monkhorst and Pack kpoint meshes [24] . The settings for these calculations are shown in Table 3 . The energy cutoff was 400 eV. The convergence tolerance was selected: minimum energy less than 1.0 × 10 −5 eV/atom, maximum force less than 0.03 eV · Å −1 , maximum stress less than 0.05 GPa, and maximum displacement less than 1 × 10 −3 Å. The transition state (TS) was obtained through calculation of the minimum-energy path (MEP) using the nudged elastic band (NEB) method in Dmol3 [25] . The interface phase models considering Zn distribution were constructed for atom diffusion. Also, the spin polarization was considered in the calculations. The charge distributions and electronic density differences of the systems were evaluated by Mulliken charge analysis and electron density deformation analysis, which were performed using a linear combination of atomic orbitals (LCAO) basis [26, 27] .
3.
Results and discussion
Interfacial microstructures evolution of Sn-xZn/EP Cu joints
The interfacial microstructure of Sn-xZn/EP Cu (x = 0, 0.2, 0.5 or 0.8 wt.%) joints with different aging time are shown in Figs. 1 and 2. In all of the images, the upper, bottom and middle materials are solder alloy, copper and interfacial IMC layer, respectively. The chemical compositions of the IMCs layers have been characterized by EDS analysis and the results are listed in Table 1 . Fig. 1a shows a cross-sectional back scattered electron (BSE) images of the Sn/EP Cu joints. At this scale, only a layer of scallop-like Cu 6 Sn 5 formed at the interface after reflow soldering, and no void at Sn/EP Cu interface was observed. After a 24 h aging at 180 • C, a Cu 3 Sn layer was observed between the Cu 6 Sn 5 and Cu layers, and several voids were found at the Cu 3 Sn/EP Cu interface, as shown in Fig. 1b . When the aging time was extended to 72 h, as seen in Fig. 1c , the IMCs layer thickness gradually increased in Sn/EP Cu joint, and Cu 3 Sn layer grew much quicker than the Cu 6 Sn 5 layer. The morphology of IMCs became flattened, because Cu diffusion through the scallop valleys is faster than that through the scallop hills [28] . In addition, a great number of voids with considerable size can be observed at the Cu 3 Sn/ EP Cu interface. Fig. 2a1-a3 show the interfacial microstructures of asreflowed Sn-xZn/EP Cu (x = 0.2, 0.5 and 0.8 wt.%) joints. Similar to the as-reflowed Sn/EP Cu joint, a thin layer of Cu 6 Sn 5 was formed at the interface, and no void was observed in all samples.
After a 72 h aging at 180 • C, as shown in Fig. 2b1 -b3, the IMC layer thickness increased obviously. A thin Cu 3 Sn layer emerged between Cu 6 Sn 5 and EP Cu. The thickness of Cu 3 Sn layer was found to be sensitive to the Zn content. With Zn content was increased from 0.2 to 0.8 wt.%, the thickness of Cu 3 Sn layer became thinner. In addition, a few voids can be found at Cu 3 Sn/EP Cu interface in Sn-0.2Zn/EP Cu joint, while, as the Zn content in solder was increased up to 0.5 wt.% or 0.8 wt.%, the voids disappeared from the interface. Moreover, comparing Figs. 1 and 2, it was easily observed that the Zn addition could suppress the formation of voids and the growth of Cu 3 Sn layer.
When the aging time was extended to 168 h, as shown in Fig. 2c1 -c3. The total IMC thickness in the Sn-0.2Zn/EP Cu interface did almost not increase, but the Cu 3 Sn layer became discontinuous and thinner. For Sn-0.5Zn/EP Cu joint, similar to Sn-0.2Zn/EP Cu, the total IMC thickness had no significant increase, and no void was observed in Sn-0.5Zn/EP Cu interface. For the Sn-0.8Zn/EP Cu joint, IMC thickness was very different from that in Sn-0.2Zn/EP Cu and Sn-0.5Zn/EP Cu, it was significantly increased. Moreover, three layers with different contrasts were observed in the Sn-0.8Zn/EP Cu interface, a new dark-gray layer close to the Sn-0.8Zn alloy was found, it had a unique composition of Cu-20.27Zn-46.58Sn (in at.%), and it should be the (Cu, Zn) 6 
IMCs evolution of Sn-xZn/EP Cu joints
The evolution of IMCs at Sn-xZn/EP Cu (x = 0, 0.2, 0.5 and 0.8 wt.%) joints by considering Zn content and aging condition was summarized in Table 2 . In the Sn-xZn/EP Cu (x = 0, 0.2 and 0.5 wt.%) joints, the Cu 6 Sn 5 and Cu 3 Sn phases were formed at the interface. As the aging time was extended to 168 h, the (Cu, Zn) 6 Sn 5 , Cu 6 (Sn, Zn) 5 and (Cu, Sn) 3 Zn phases were formed at the Sn-0.8Zn/EP Cu joint interface (Fig. 2c3 ). These results revealed that, with the Zn content and thermal ageing time increased, the Zn atoms were incorporated into the Cu and Sn sublattice of the Cu-Sn IMCs.
To understand the phase evolution of ′ -Cu 6 Sn 5 -based structures with Zn substitution. The optimized lattice parameters, lattice volumes (V), formation enthalpy ( H f ) and cohesive energy( E C ) for ′ -Cu 6 Sn 5 -based structures with Zn substitution were calculated, and the results are listed in Table 3 . It can be seen that the obtained lattice parameters and cell volumes for ′ -Cu 6 Sn 5 are in good agreement with the available experimental [29] and theoretical values [29, 30] , where the deviations are less than 5%. For pure Cu, the facecentered cubic (fcc), and the space group (FM-3 M) were chose, and the obtained lattice parameter and cell volume also agree well with experimental results [31] . With respect to Zn has a hexagonal structure, and Sn has a tetragonal structure (ˇ-Sn).
The calculated bond length are 2.912 Å and 2.320 Å, respectively, which are close to the experimental results [32, 33] . Therefore, the above results verified the reliability of this calculation method. Moreover, to gain deep insight into the phase stability of ′ -Cu 6 Sn 5 -based structures with Zn substitution. The formation enthalpy ( H f ) and cohesive energy ( E C ) of a compound were calculated. The H f and E C of Cu m Zn n Sn l (n, m, and l are the number of atoms) structure can be expressed as follows: Table 3 and Fig. 3(a) . The H f of Cu m Zn n Sn l are almost negative values, indicating that the Cu-Zn-Sn ternary structures are thermodynamic stable and can be synthesized. The substitutional sites of Zn atom at Cu4 (4e), Cu1 (8f) + Cu2 (8f), Cu3 (4a) + Cu4 (4e), Cu3 (4a) + Cu1 (8f) and Cu3 (4a) + Cu2 (8f) are less stability than that at Cu3 (4a), this indicates that the substitutional site of a Zn atom at Cu3 (4a) site is the most stable structures (e.g. Cu 5 ZnSn 5 , −6.35 kJ/mol). Among the Cu 6 (Sn, Zn) 5 structures, the substitutional sites of Zn atom at Sn3 (4e) is preferential occupation (e.g. Cu 6 ZnSn 4 , −5.57 kJ/mol). Above theoretical results well agree with the experiment phenomenon. Lattice volume (V) varying with the substitutional site of Zn atom in Cu 6 Sn 5 -based structure are shown in Fig. 3(b) , the results indicate that the substitutional site of Zn atom at Cu site, the lattice volume expansion of Cu 6 Sn 5 with the increase of the Zn content. Whereas, the substitutional site of Zn atom at Sn site, the lattice volume shrinkage of Cu 6 Sn 5 with the increase of the Zn content. Moreover, the results also show that the preferential occupation of Zn in (Cu,Zn) 6 Sn 5 and Cu 6 (Zn,Sn) 5 structure are Cu3 (4a) and Sn3 (4e) site, because of the preferential occupation leads to the influence on lattice strain is least, i.e. the lowest lattice strain energy.
Zn accumulation behavior of Sn-xZn/EP Cu joints
The composition distributions at the interface in different kinds of joints were analyzed by using the EDS technique (line scan mode), as shown in Fig. 4 . The date reveal that the distribution of Zn is relatively homogeneous at the Sn-0.2Zn/EP Cu interface, except for a few Zn accumulate at Cu 3 Sn/EP Cu interface. In the Sn-0.5Zn/EP Cu joint, the accumulation of Zn at Cu 3 Sn/EP Cu interface significantly increased, and it further increased at the Cu 3 Sn/EP Cu interface of Sn-0.8Zn/EP Cu joint. In the meantime, there was a sharp rise of Zn content in the solder/Cu 6 (Sn,Zn) 5 interface, i.e. the (Cu, Zn) 6 Sn 5 layer. Fukumoto et al. investigated the effects of Zinc addition on void formation in solid-liquid interdiffusion bonding of copper. They also found that the Zn was segregated near the interface of Cu/Cu 3 Sn and the grain boundaries of Cu 3 Sn [7] . In addition, Kao et al. studied the effects of Zn additions on Cu-Sn microjoints. They found that there is a peak Zn concentration at the (Cu,Zn) 6 Sn 5 /Cu interface. The maximum Zn concentration is 4.5 at.%. After aging at 150 • C for 500 h, this Zn concentration peak remains and even becomes higher, reaching nearly 6 at.% [14] . In our work, the Zn atoms in the solder first inclined to accumulate in Cu 3 Sn/EP Cu interface. With increasing aging time and Zn content, Zn participated in the interface reaction, the Zn atoms were incorporated into the Cu and Sn sublattice of the Cu-Sn IMCs, corresponding new interface layers (i.e. (Cu, Zn) 6 Sn 5 , Cu 6 (Sn, Zn) 5 and (Cu, Sn) 3 Zn) were formed in Sn-0.8Zn/EP Cu joint. The optimal energy path (MEP) for the Zn or Cu atom diffusion along the Cu 6 Sn 5 layer are searched based on the NEB method, and the population analysis, bond length and the energy barriers (E df ) are shown in Fig. 5 . It is seen that the population analysis are reduced from Zn (0.133e) to Cu (−0.091e), which indicates that the charge transfer between M (=Zn or Cu) atom and neighboring Sn and Cu atoms decreases from Zn to Cu. It is well known that the binding strengths of the Cu-Sn bond around the diffusion interstice are decided by the number of electrons, which becomes weak with the electron loss. It is also found that the Sn and Cu atoms around the diffusion interstice lose less electrons from Zn to Cu, which illustrates that the Cu-Sn bonds around the interstice will be more difficult to deform from Zn to Cu (see change of bond length of Cu-Sn bonds). As a result, there will be increasing difficulty for M atoms to penetrate from Zn to Cu (the E df are 0.842 eV for Cu and 0.487 eV for Zn). Therefore, when Zn was added into the solder, Zn atom was the preferential diffusion species in the Sn-xZn/Cu interface than that of Cu atom, the Zn atom accumulated near the interface of IMCs/EP Cu.
The micro-mechanism for retardation of void growth
The probable retardation mechanism of Zn addition on thermal aging induced void formation is proposed as follows. It is generally believed that the Kirkendall voiding is induced by an unbalanced diffusion [11] . For Sn/Cu system, the unbalanced diffusion at the interface can be expressed as:
where J Cu and J Sn are the diffusion fluxes of Cu and Sn, respectively. J V is the diffusion flux of vacancies. When the joints with Zn addition, Zn atoms can serve as a diffusing species and participate in the interfacial reaction. The interdiffusion at the Sn-xZn/EP Cu interface is given by
From 3.3 section analysis, Zn atoms in solder can pass across the IMCs layer and fill up vacancy sites before they grow into voids. In addition, the diffusion rate of vacancy (J v ) also can be reduced by the lattice deformation in the IMCs layer due to the Zn addition in solder. Schematic diagram of the micro-mechanism for retardation of void growth is shown in Fig. 6 . The IMCs models considering Zn distribution are built as shown in Fig. 6(a) . The charge transfer of IMCs models considering Zn distribution are shown in Fig. 6(b) . It is easy to found that the electron density difference distribution curve of IMCs layer after Zn doping greater than that of Cu 6 Sn 5 layer, that means more charge transfer of IMCs layer when Zn atoms are incorporated into the Cu and Sn sublattice of the Cu-Sn IMCs. The results can also be visualized in the images of electron density difference ( Fig. 6(b) ). It is seen that the yellow regions are increased from Cu 6 Sn 5 layer to Znrich layer, which indicates that the charge transfer between Zn atom and neighboring Cu atoms increases gradually from Cu 6 Sn 5 layer to Zn-rich layer. In other words, there exists a stronger affinity between Cu and Zn in the case of Zn addition into the Cu-Sn system. Feng et al. also pointed out that the orbital interaction of Cu-Zn is much stronger than those of Cu-Sn, Cu-Cu, and Sn-Zn [34] . The lattice volume evolution of IMCs layers from Cu 6 Sn 5 layer to Zn-rich layer are shown in Fig. 6(c) . The lattice volume are 808.87 Å 3 for Cu 6 Sn 5 , 773.01 Å 3 for Cu 6 (Sn,Zn) 5 and 714.55 Å 3 for Zn-rich layer, respectively. It is easy to obtain the fact that the lattice volume shrinkage of IMCs layers because of stronger affinity between Cu and Zn from Cu 6 Sn 5 layer to Zn-rich layer. The optimal diffusion path interstice size for Cu atom diffusion along the IMCs layers are analyzed in Fig. 6(d The results of the data show that the diffusion path interstice size for Cu atom in IMCs layers will shrink from Cu 6 Sn 5 layer to Zn-rich layer. The optimal diffusion activation energy (E df ) fitting curve for the Cu atom diffusion along IMCs layers with different Zn content are shown in Fig. 6(e) . The E df increases dramatically when the Zn content increases in IMCs layers. That is, the J Cu will decrease with the increase in Zn content. According to Eq. (4), the fluxes of Cu and Sn via the IMCs layers were balanced out. The formation of voids was suppressed.
The micro-mechanism for Zn addition inhibiting the diffusion of Cu atom (E df from 0.842 to 1.678 eV) via the interface was due to more charge transfer (exists a stronger affinity between Cu and Zn in the case of Zn addition into the Cu-Sn system) of IMC layer after Zn addition, resulting in that the interstice path for Cu atom diffusion would be shrinked. Thus, Zn is supposed as an effective alloying element in Pb-free solders to retard the Kirkendall voids formation.
Conclusions
In this study, The Zn accumulation behavior, phase evolution and void formation in Sn-xZn/Cu systems by considering trace Zn have been investigated with experimental and theoretical methods. All the results are summarized as follows:
(1) For Sn/EP Cu joints, many voids formed in the Cu 3 Sn phase, especially close to the Cu 3 Sn/EP Cu interface. Whereas the voids were greatly suppressed with trace Zn addition. (2) Zn accumulated near the interface of IMCs/ EP Cu due to lower E df of Zn atom via Cu 6 Sn 5 layer than Cu atom. (3) With the thermal aging to168 h and Zn content to 0.8 wt.%, Zn participated in the interface reaction, three layers with different contrasts, (Cu, Zn) 6 Sn 5 , Cu 6 (Sn, Zn) 5 and (Cu, Zn) 3 Sn were formed in interface joints. The preferential occupation of Zn in Cu 6( Zn,Sn) 5 and (Cu,Zn) 6 Sn 5 were Sn3 (4e) and Cu3 (4a) sites, respectively. (4) As Zn substituting Cu atoms, the lattice volume expansion of Cu 6 Sn 5 increased with the increase of the Zn content. Whereas, As Zn substituting Sn atoms, the lattice volume of Cu 6 Sn 5 shrinked with the increase of the Zn content. (5) The unbalanced diffusion of Cu and Sn fluxes could be greatly reduced by the addition of Zn into the solder. The formation of voids was suppressed. The micromechanism for Zn addition inhibiting the diffusion of Cu atom (E df from 0.842 to 1.678 eV) via the interface was due to more charge transfer (exists a stronger affinity between Cu and Zn in the case of Zn addition into the Cu-Sn system) of IMC layer after Zn addition, resulting in that the interstice path for Cu atom diffusion would be shrinked.
